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A tale of two terminators: crystal structures sharpen the debate
on DNA replication fork arrest mechanisms
RG Wake and GF King
The structure of the Tus–Ter DNA replication fork arrest
complex of Escherichia coli reveals a novel architecture for
the bound Tus protein and a new type of DNA-binding
motif. The structure of the complex may explain how Tus
can block movement of a replication fork approaching
from one direction and not the other.
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Our current detailed understanding of the molecular
mechanism of DNA replication [1] is largely due to studies
on the bacterium Escherichia coli and the work of Arthur
Kornberg and his colleagues. As well as contributing to the
elucidation of the enzymology of DNA chain growth at the
replication fork (the elongation phase of replication),
studies on E. coli have provided the most detailed molecu-
lar information on the key process of initiation of replica-
tion. Many of these discoveries were made more than 10
years ago, when relatively little was known about termina-
tion stage of replication, during which two replication forks
generated at the origin and moving in opposite directions
on the circular chromosome approach and fuse with one
another. Today large advances have been made towards
understanding the mechanism of termination, these are
largely due to the work of Kuempel, Hill and co-workers in
the United States and Louarn and co-workers in France
who have identified a region at the terminus of the chro-
mosome that modulates the approach of the two forks to
ensure that they meet and fuse within a restricted region
[2] (Fig. 1). This region contains a number of short DNA
sequences or terminators (called Ter) that are organized as
two opposed groups (purple and blue in Fig. 1). An E. coli
terminator, which contains no detectable sequence sym-
metry, binds to monomers of Tus, a replication terminator
protein of molecular weight 36 kDa. Complexes of Tus
with terminators shown as purple in Figure 1 can arrest 
(or severely impede) the clockwise fork, while complexes
of Tus with the blue terminators can arrest the anticlock-
wise fork. Thus, the Tus–Ter complexes are polar in their
action: the complexes involving the purple terminators, for
example, allow the anticlockwise fork to pass through
freely. The two groups of opposed terminators, in essence,
constitute a trap that forces the approaching forks to meet
within the region spanned by the terminators [3]. Although
the tus gene is not essential for the viability of E. coli, the
replication fork arrest system gives the cell a significant
advantage, possibly by facilitating the coordination of
DNA replication with cell division [2].
The other organism that has contributed significantly to
our knowledge of termination and replication fork arrest 
Figure 1
The arrangement of DNA replication
terminators in the circular chromosomes of
E. coli and B. subtilis. The two replication
forks initiated at the origin move in opposite
directions (red arrows) through the DNA
(green) and eventually approach each other in
the region approximately diametrically
opposite. Several DNA sequences of
20–30 bp, denoted Ter, are present in this
‘terminus’ region. In both chromosomes they
are arranged as two opposed groups, with the
purple terminators orientated to block
movement of the clockwise fork and the blue
terminators orientated to block the
anticlockwise fork. The indicated orientation of
TerIV in B. subtilis is assumed as it has not
yet been experimentally established.
is Bacillus subtilis, which contains a similar arrangement 
of chromosomal terminators (Fig. 1, [4]). The terminator
protein in B. subtilis is called RTP. Surprisingly, RTP
shows no identifiable sequence similarity to Tus and the
Ter DNA sequences of the two organisms do not show
detectable similarity either. It has not yet been estab-
lished if the two bacterial arrest systems function through
the same mechanism, although it is generally believed
that both act by blocking the ability of the replicative heli-
case to unwind DNA at the apex of the advancing fork
[2,5]. The terminator protein–Ter systems of E. coli and
B. subtilis are the only current examples of protein–DNA
complexes specifically designed to block replication fork
movement, but such systems could also be involved in
eukaryotic termination [6].
At the time of the earliest reports that Tus–Ter complexes
function as polar blocks to unwinding by the replicative
helicase, two different mechanisms for achieving this were
proposed and supported by experimental data. One model
suggested that the complex represented a general barrier 
to the progression of the helicase (or any other protein)
moving along the DNA in one particular direction but not
the other [7]. In the other model [8], the advancing helicase
can interact specifically with the face of Tus that is pre-
sented to it in the functional orientation but not with the
face of the Tus presented in the opposite (non-functional)
orientation resulting in a polar block.
Attempts to obtain crystals of Tus (free of DNA) suitable
for X-ray structure determination have been unsuccessful.
RTP of B. subtilis, did, however, yield crystals, allowing a
high resolution structure to be determined [9]. The rela-
tive positioning of a-helical and b-ribbon segments sug-
gested how RTP binds to duplex DNA, allowing incisive
structure–function studies on RTP–Ter complexes to be
designed [10–12]. But since the sequences of RTP and
Tus are not homologous such studies provided little infor-
mation on the Tus–Ter complex. The recent report of 
the structure of the E. coli Tus–Ter complex by Kamada
and co-workers [13] is therefore a major advance, eagerly
awaited since the preliminary announcement earlier last
year of their success in obtaining suitable co-crystals [14].
Their painstaking examination of a very large number of
synthetic DNA duplexes complexed with Tus has been
appropriately rewarded. The structure of the complex has
allowed them to suggest how the complex could block
helicase approaching from one direction and not the other,
without the necessity of specific Tus–helicase interac-
tions. We can anticipate a flurry of activity to test these
predictions.
The structure of the Tus–Ter complex will interest not
only those wanting to know more about replication fork
arrest; structural biologists in general will be fascinated.
The Tus protein bound to DNA is folded into a novel
architecture, it recognizes and contacts the DNA in a
unique manner. The important features of the complex
are illustrated in Figure 2. The protein is organized into
two large domains (N- and C-terminal; blue and green,
respectively, in Fig. 2) each made up of a-helical and
b-sheet regions. The b-sheet regions of the two large
domains are connected through two crossed interdomain
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Figure 2
Schematic views [21,22] of the Tus–Ter fork arrest complex. (a) A view
perpendicular to the helical axis of the DNA (red). The Tus protein is
composed of a large N-terminal domain (blue) and a smaller C-terminal
domain (green). These domains are joined by two very long b strands
flanked by three smaller strands (gold). In this view, a replication fork
approaching from the top (‘passage’) end of the DNA can pass through
the complex and presumably displace the Tus protein. In contrast, the
complex will block a replication fork approaching from the lower
(‘blockage’) end. (b) A view down the helical axis of the DNA from the
passage end of the fork arrest complex. This view clearly shows that
the major protein–DNA contacts are made by the interdomain b region,
which grips the DNA in a girth-like manner. Notably, the contacts 
made by Tus with the phosphate backbone of the DNA are highly
asymmetrical, with many less contacts made at the passage end
between the protein and the strand which can be unwound from this
end of the DNA.
b strands flanked by three smaller strands (gold in Fig. 2).
This arrangement provides a large positively charged
central cleft into which fits duplex DNA (locally deformed
from the B form) so that it is flanked and somewhat
enveloped by the two large domains. The DNA sits across
the connecting interdomain b strands, which penetrate a
deepened major groove to varying extents and make inti-
mate contact with several bases in the groove. Also, two
closely-flanking b-sheet segments are almost perpendicu-
larly inserted into this major groove such that the overall
b region holds the DNA in a girth-like manner (see
Fig. 2b). The protein makes polar contacts with more than
two-thirds of the phosphates in the 13-bp binding region,
but it is the connecting interdomain b region that is
responsible for recognition of the Ter sequence and for the
tight binding  to DNA by Tus.
Figure 3 shows a replication fork (moving bottom to top)
Upon encountering the ‘blockage’ end it is stopped in its
movement, while a fork approaching in the other direction
to encounter the ‘passage’ end first moves freely through
the contact region. Kamada and co-workers [13] provide 
a hypothetical explanation for this polarity in terms of a
physical barrier provided by Tus at the blockage end only.
The large protruding a-helical segments surround the
DNA, completely blocking access of the helicase to the
tight-binding region, which is located towards the other
end of the complex. They also suggest that the unwound
3′→5′ blue strand might become entangled in the protrud-
ing N-terminal domain (see left-hand panel of Fig. 3).
When the helicase associated with the fork approaches
from the other direction it encounters no such barrier at
the passage end, and can easily access the tight-binding
region by stripping off the relatively exposed yellow 3′→5′
strand, thereby disrupting the primary binding site and
causing Tus to be released.
In support of such an elegant yet simple system to account
for polarity are the results from screening a number of Tus
mutants that were isolated on the basis of reduced 
efficiency in arresting replication. Most mutations were
mapped to the interdomain b region involved in DNA
binding, and none were found in the blockage-end surface
region of Tus that may contact an approaching helicase.
It should be emphasized that based on the Tus–Ter struc-
ture alone, it is not possible to rule out a specific interac-
tion between Tus and the approaching helicase (or some
other component of the replication apparatus). Indeed,
such a specific interaction might enhance the effectiveness
of what is primarily a physical barrier presented by the con-
formation of Tus at the blockage end. Clearly, extensive
site-directed mutagenesis in conjunction with in vitro and
in vivo fork arrest assays will help to clarify the situation.
The structure of Tus within the Tus–Ter complex and its
manner of binding to DNA emphasise the differences
between Tus and the equivalent protein, RTP, of B. sub-
tilis. RTP binds to its cognate terminator as a dimer of
29kDa (recognizing pseudosymmetry within the termina-
tor sequence), and two such dimers bind to overlapping
sites on a slightly longer terminator such that they interact
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Figure 3
Model for fork arrest by the Tus–Ter complex
[13]. The protein is shown as a grey,
transparent Connelly surface and the two
DNA strands are drawn in yellow and blue.
The view on the right looks underneath that on
the left (i.e. the two views are related by a
180° rotation about the helical axis of the
DNA). The replicative helicase moves along
the 5′→3′ strand of DNA. When approaching
from the blockage end (bottom of diagram),
the replication machinery encounters the
protruding a-helical segments of the Tus N-
and C-terminal domains, which serve to
protect the distal tight-binding interdomain
b region from direct contact with the
unwinding protein, DnaB helicase. Kamada
and colleagues [13] also propose that the
unwound 3′→5′ blue strand might become
entangled in the protruding N-terminal domain
(shown in left-hand panel only). In striking
contrast, when the replication machinery
approaches from the passage end, the
replication machinery can make direct
contacts with, and thus interrupt the binding
of, the interdomain b region. Furthermore, the
3′→5′ yellow strand can be readily unwound
because of the markedly fewer contacts made
between the protein and this strand of DNA
compared with the 5′→3′ blue strand (see
right-hand panel). Thus, the replication
machinery can pass freely through the
Tus–Ter complex when it approaches from
the passage end.
with one another to give the functional complex [15].
Although the structure of the RTP–Ter complex has not
been solved, there is good evidence to suggest that the
RTP dimer binds to DNA through a ‘winged helix’ DNA-
binding domain [11,16]. Thus, in the dimer, two central
a helices (gold) and two outer b strands (gold) are thought
to fit, respectively, into adjacent major and minor grooves
of the Ter DNA (Fig. 4, upper panel). The N-terminal arm,
which is disordered in the crystal structure of the uncom-
plexed protein, is also probably involved in DNA binding
[11]. This is markedly different from the way that Tus 
recognizes and binds DNA. It is almost certain that the
Tus–Ter and RTP–Ter fork arrest systems have evolved
independently of one another, emphasizing the impor-
tance of the system to each organism. It is intriguing that
they achieve the same overall result through similar ‘fork
trap’ arrangements of their terminators (Fig. 1). Interest-
ingly, RTP–Ter complexes are able to arrest replication
forks in E. coli [5,17] and it would be relatively easy to
explain this observation if the RTP–Ter and Tus–Ter com-
plexes functioned through the same mechanism involving
a fairly non-specific steric barrier as has been suggested 
by Kamada and colleagues for the Tus–Ter complex [13].
This model also conveniently explains why Tus and RTP
block chain elongation by various prokaryotic RNA poly-
merases in a polar manner [18]. But, very recently, Bastia
and co-workers [19] have presented evidence to suggest
that, at least in vitro, a specific surface on RTP recognises
and interacts with the E. coli replicative DnaB helicase to
block its progression. Reference is also made to evidence
for a physical interaction between Tus and the same heli-
case. These findings imply that the apparently different
surfaces presented by RTP and Tus (see Fig. 4, middle
and lower panels), when each is present as a component of
a functional arrest complex, may recognize either the same
or different features on the different but related replicative
helicases (DnaB of E. coli, DnaC of B. subtilis; [20]). While
it is not immediately obvious how this might be achieved,
it is clear that structural biology has provided considerable
new insight into replication fork arrest mechanisms, and
we can expect more exciting and perhaps novel outcomes
in the near future.
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